During sensorimotor learning, tonically active neurons (TANs) in the striatum acquire bursts 20 and pauses in their firing based on the salience of the stimulus. Striatal cholinergic interneurons 21 display tonic intrinsic firing, even in the absence of synaptic input, that resembles TAN activity 22 seen in vivo. But whether there are other striatal neurons among the group identified as TANs 23 is unknown. We used transgenic mice expressing green fluorescent protein under control of 24 neuronal nitric oxide synthase or neuropeptide-Y promoters to aid in identifying low-threshold 25 spike (LTS) interneurons in brain slices. We found that these neurons exhibit autonomous firing 26 consisting of spontaneous transitions between regular, irregular, and burst firing, similar to 27 cholinergic interneurons. As in cholinergic interneurons, these firing patterns arise from 28 interactions between multiple intrinsic oscillatory mechanisms, but the mechanisms responsible 29 differ. Both neurons maintain tonic firing because of persistent sodium currents, but the 30 mechanisms of the subthreshold oscillations responsible for irregular firing are different. In LTS 31 interneurons they rely on depolarization-activated non-inactivating calcium currents whereas 32 those in cholinergic interneurons arise from a hyperpolarization-activated potassium 33 conductance. Sustained membrane hyperpolarizations induce a bursting pattern in LTS
Introduction 141 mean ± standard deviation unless otherwise noted. Differences between means were 142 considered significant when p < 0.05 using parametric statistical tests when data passed a 143 normality test or nonparametric statistical tests when the data was not normally distributed. The 144 junction potential was determined to be 8 mV and has been corrected for in all whole-cell 145 voltage measures. All drugs were diluted to a final concentration from stock solutions and bath 146 applied. All compounds were purchased from Sigma (St. Louis, MO) or Tocris (Ellisville, MO) .
Results

149
Identification of striatal LTS interneurons 150
Electrophysiological studies of striatal LTS interneurons have been limited due to the 151 difficulty in targeting these neurons because of their low numbers (~1%) and lack of clearly 152 distinguishable morphological characteristics under enhanced contrast microscopy used for 153 brain slice electrophysiology (Kawaguchi 1993; West et al. 1996; Kubota and Kawaguchi 2000;  154 Larsson et al. 2001; Centonze et al. 2002) . To address this issue, we recorded GFP-positive 155 neurons within the striatum of transgenic mice expressing GFP controlled by either the nNOS or 156 NPY promoters to target LTS interneurons specifically ( Fig. 1A) , since most LTS interneurons 157 express both nNOS and NPY (Vincent et al. 1983; Dawson et al. 1991; Vincent and Hope 1992;  158 Rushlow et al. 1995) . The morphological features of GFP-positive neurons were revealed by 159 intracellular labeling with 20-40 μM Alexa Fluor 594 and 2-photon imaging at the time of the 160 experiment ( Fig. 1B, 1C , & 1D). Most nNOS-GFP-positive and NPY-GFP-positive neurons 161 possessed the characteristic morphological properties of LTS interneurons first described by 162 Kawaguchi (1993) , including fusiform somata with few (2-5) primary dendrites that are poorly 163 branched and extended long distances (> ~150 μm) from the soma ( Fig. 1B & 1D ). They also 164 displayed the same defining electrophysiological properties of LTS interneurons reported in 165 previous studies (Kawaguchi 1993; Koós and Tepper 1999) including prolonged (> ~50 ms) 166 after spike hyperpolarizations, large input resistances (852 ± 272 MΩ, n=46), and rebound 167 bursts following hyperpolarizing current pulses ( Fig. 1E & 1F ).
168
Some (29/81) GFP-positive neurons recorded from the nNOS-GFP mice had both 169 morphological and electrophysiological properties of spiny projection neurons (hyperpolarized 170 resting potentials, low input resistance, inward rectification, and a delay to the first spike, data 171 not shown). Immunohistochemical staining confirmed that some striatal GFP-positive neurons 172 in the nNOS-GFP animals were negative for nNOS (data not shown). Therefore, in nNOS-GFP Autonomous activity of striatal LTS interneurons 8 mice, only GFP-positive neurons that could be morphologically as well as electrophysiologically 174 identified as LTS interneurons, based on the above stated characteristics, were included in this 175 study (41/81). Due to the apparently ectopic expression seen in the nNOS-GFP mice we 176 sought another mouse strain that more specifically labels LTS interneurons. This problem was 177 solved using the NPY-GFP mouse. The NPY-GFP mouse strain has previously been shown to 178 contain two electrophysiologically and morphologically distinct NPY-positive interneuron 179 subtypes, one previously described as LTS interneurons and the other a novel non-LTS 180 interneuron subtype that can be distinguished in fluorescent microscopy (Ibáñez-Sandoval et al.
181
2011). We have encountered both neurons within the striatum but have limited this study to 182 only that of LTS interneurons. All results obtained with LTS interneurons in the nNOS-GFP 183 animals were confirmed in NPY-GFP animals. There were no substantial differences between 184 the two samples of neurons, and the results from the two groups of neurons were pooled except 185 where otherwise noted. A total of 73 mice were used in this study (nNOS-GFP = 32 mice, NPY-186 GFP = 41 mice) aged 23 ± 5 postnatal days.
187
Striatal LTS interneurons are autonomously active in brain slices
188
The earlier intracellular recording studies of striatal LTS interneurons did not report 189 spontaneous activity (Kawaguchi 1993; Koós and Tepper 1999, Kubota and Kawaguchi 2000; 190 Centonze et al. 2002) . More recent studies have reported that LTS interneurons may be 191 spontaneously active in brain slices, (Farries and Perkel 2002; Dehorter et al. 2009; Partridge et 192 al. 2009; Tepper et al. 2010; Ibáñez-Sandoval et al. 2011) , but not all neurons were firing and 193 the mechanism responsible for spontaneous activity was not determined. 
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While our initial data confirm that LTS interneurons are spontaneously active, they do not 204 specify whether the spontaneous activity is dependent on synaptic input or intrinsic to the 205 individual neurons (i.e. autonomous). To address this issue, we examined the effects produced 206 by blockade of major neurotransmitter receptors within the striatum. Neurotransmitter receptor 207 antagonists DNQX (AMPA antagonist, 10 μM), D-AP5 (NMDA antagonist, 50 μM), picrotoxin 208 (GABA A antagonist, 100 μM), hexamethonium (nicotinic antagonist, 50 μM), and scopolamine 209 (muscarinic antagonist, 1 μM) were bath applied together (10-15 min, n = 6) and had no effect 210 (p > 0.05 Wilcoxon signed-rank test) on the mean firing rate (before: 6.54 ± 4.32 Hz versus 211 after: 6.57 ± 4.46 Hz) or mean CV (before: 0.436 ± 0.346 versus after: 0.424 ± 0.339). These 
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The corresponding autocorrelograms often displayed no clear structure or occasionally one 233 early peak (Bar-Gad et al. 2001 ). An example showing irregular-burst firing ( Fig. 2A3 ) exhibits 234 bursts and pauses intermixed with irregular firing, an ISI distribution that is bimodal and skewed,
235
with the first peak corresponding to the within-burst ISI distribution and the second peak 236 corresponding to the ISI distribution during interleaved episodes of irregular firing. This mode of 237 firing also resulted in two peaks in the autocorrelogram and led to the highest CVs encountered.
238
LTS interneurons did not consistently fire in one pattern, but showed gradual shifts in rate 239 and regularity, and occasionally abrupt transitions between patterns. To analyze these 240 transitions in firing, we collected spontaneous activity during cell-attached recordings from 75 241 spontaneously active LTS interneurons, divided the recording times (1 to 41 minutes) into 1-242 minute samples, and plotted the mean CV against the mean firing rate for each of the 987 1-243 minute samples ( Fig. 2B ). Completely random (i.e., Poisson) firing (CV = 1) is represented on 244 the graph as a dotted line. Burst firing increases the CV, and the neurons that burst the most 245 had a CV > 1. The 30 colored dots represent the 10 minutes of activity for the three neurons 246 shown in Figure 2A . Most 1-minute samples of data lay along a curve with irregular firing 247 (higher CVs) at low rates and more regular firing (lower CVs) with increasing firing rate. A 248 smaller set of points fell off this curve, having a higher CV than the rest, regardless of rate. To 249 determine whether this range of rates and patterns corresponded to discrete groups of LTS 250 interneurons with different firing patterns or to variation within a single neuronal subtype, we 251 Autonomous activity of striatal LTS interneurons 11 compared the samples from individual neurons in which multiple 1-minute samples of data were 252 collected. When the activity from individual neurons was examined, 69% varied in rate and 253 regularity but remained consistent with the overall trend (regularity varying continuously with 254 rate). Six percent of the neurons produced samples that lay completely off the general trend, 255 possessing bursts or very irregular regardless of rate, and 25% of neurons showed continuous 256 variation of regularity with rate over some portion of the recording, but also abrupt transitions to 257 burst firing. This mixture of regular, irregular and burst firing is similar to that previously 258 reported for striatal cholinergic interneurons (Bennett and Wilson 1999; Goldberg et al. 2009 ).
259
Examples of five individual neurons' activity are shown in Figure 2C , coded by color. The green 260 and magenta dots represent two neurons with high rates of firing and low CVs. These neurons 261 fluctuated in rate but maintained regular firing as evidenced by their low CVs, which changed 262 predictably with rate. The black dots represent a neuron with low CVs at moderate rates but 263 became more irregular and eventually produced bursts of spikes as its firing slowed. The blue 264 and red dots belong to neurons that are transitioning between modes. The blue neuron fired 265 somewhat irregularly but with CVs less than one and spontaneously shifted to burst firing with 266 little change in firing rate. The red neuron displayed periods of regular and moderately irregular 267 firing as it spontaneously changed firing rate, but abruptly shifted to burst firing, which was 268 maintained for several minutes while firing between 10 and 15 Hz. The spontaneous shifts in 269 rate seen in all neurons were usually gradual and didn't have any preferred direction, often 270 reversing after a period of time, and so were not due to any general trend during recording. In 271 three of the 75 neurons studied in this way, fast synaptic transmission was blocked by treatment 272 with 10 μM DNQX, 50 μM D-AP5, and 100 μM picrotoxin and those neurons did not differ from 287 Bennett et al. 2000) . To examine if LTS interneurons possess a persistent sodium current that 288 activates in the subthreshold range, perforated-patch voltage clamp recordings were performed 289 on 6 LTS interneurons before and after the application of TTX. Access resistances for these 290 recordings were less than 50 MΩ (mean: 39 ± 5 MΩ) and produced voltage errors less than 5 291 mV between the voltages -100 mV and -30 mV and were not corrected. One-second voltage 292 steps were applied from -50 mV to potentials ranging from -100 mV to -20 mV by 5 mV 293 increments in control artificial cerebrospinal fluid (ACSF) and following 1 μM TTX application 294 ( Fig. 3A ). This holding potential was selected to avoid a contribution by low-threshold 295 inactivating calcium currents, but depolarizing voltage pulses could still evoke sodium 296 dependent action currents. Currents were measured at the end of the one-second voltage step 297 to obtain steady-state current readings (mean of last 250 ms). In control ACSF (Fig. 3B , blue),
298
LTS interneurons' current versus voltage (I-V) curve showed no zero-current point in the 299 subthreshold range indicating there is no stable subthreshold resting membrane potential for 300 these neurons. The same I-V curve also displayed a negative slope conductance in the range 301 of -60 mV to -40 mV indicating that the balance of persistent currents is inward and will 302 depolarize the neurons to the action potential threshold. In the presence of 1 μM TTX (Fig. 3B , Autonomous activity of striatal LTS interneurons 13 red), the same voltage steps in the same neurons produced a zero-current crossing at -40 mV 304 and eliminated the negative slope conductance seen in the control condition. We estimated the 305 TTX-sensitive inward current by subtracting the TTX I-V curve from the ACSF I-V curve and 306 plotting the difference (Fig. 3B, green) . This current activated near -60 mV and persisted to -20 307 mV. The same experiment was conducted in the whole-cell configuration (n = 13) and yielded 308 similar results to those seen with perforated-patch recordings. In ACSF, LTS interneurons' 309 whole-cell I-V curve also exhibited no zero-current point in the subthreshold range and had a 310 negative slope conductance that activated near -60 mV. 1 μM TTX also eliminated the negative 311 slope conductance seen in the whole-cell recordings however, the entire I-V curve was shifted 312 in an outward current direction (20-40pA) and produced a zero-current crossing at -63 mV. This 313 outward drift is likely due to whole-cell dialysis when compared to our perforated-patch 314 recordings. However, the persistent sodium current was not greatly affected by whole-cell 315 dialysis. These results indicate that LTS interneurons have a TTX-sensitive persistent sodium 316 current that activates at membrane potentials more depolarized than -60 mV, exceeds the 317 steady state outward currents active in this voltage range and depolarizes the neuron to action 318 potential threshold.
319
To confirm that the persistent sodium current was responsible for spontaneous activity, we 320 recorded from LTS interneurons intracellularly in current clamp before and after application of 1 321 μM TTX to eliminate sodium-dependent action potentials. We reasoned that any TTX-322 insensitive contribution to spontaneous firing might appear as a subthreshold oscillation after 323 TTX application. Initial intracellular current clamp recordings were carried out in the whole-cell 324 configuration, however autonomous activity proved difficult to maintain for extended periods of 325 time using this recording method. A similar phenomenon is seen in striatal cholinergic 326 interneurons (Bennett et al. 2000; Wilson 2005) . We therefore employed perforated-patch 327 recordings for the remainder of the study to examine the origins of the autonomous activity. In
328
all autonomously active LTS interneurons tested (n = 15), 1 μM TTX eliminated the sodium-Autonomous activity of striatal LTS interneurons 14 dependent action potentials and revealed spontaneous TTX-insensitive oscillations of the 330 membrane potential (Fig. 3C) . The TTX-insensitive oscillations could not be observed in whole 331 cell recordings. As seen in Figure 3C , these oscillations had maximum amplitudes between 3 332 and 15 mV (mean = 7.7 ± 3.8 mV at 0 pA injected current, n = 15) and had a lower frequency 333 than the sodium dependent autonomous firing frequency seen in the same neuron before TTX.
334
We quantified the frequencies of the TTX-insensitive oscillations from 60 s episodes of data 335 using the discrete Fourier transform over a range of 0.1-100 Hz. We then determined the 336 median frequencies by first order interpolations of the cumulative probability of the power 337 spectral density over the range of 0.1-100 Hz (Fig. 3C & 4B) . The frequencies of the 338 spontaneous TTX-insensitive oscillations (2.57 ± 2.24 Hz at 0 pA injected current, n = 15) were 339 significantly lower than the autonomous firing frequencies (8.76 ± 5.09 Hz, n = 15) of the same 340 neurons prior to 1 μM TTX application (p < 0.05, Student's t-test following K-S test for 341 normality). The variance around the peak frequency of the subthreshold oscillation ( Fig. 3C) 
342
was caused by irregularity of the oscillation as seen in Fig. 3C and 4A . To determine if the TTX-343 insensitive oscillations were voltage dependent, we injected constant depolarizing or constant 344 hyperpolarizing currents of varying intensities and examined their effects on the oscillation 345 frequencies. Constant depolarizing current injections increased the frequency of the oscillation 346 and constant hyperpolarizing currents decreased the frequency, eventually eliminating the 347 oscillation at low enough membrane potentials ( Fig. 4A & 4B) . The median frequency of the 348 oscillation was plotted against the median membrane voltage during the sixty-second sample, 349 binned into 5 mV, and plotted as mean ± SD (Fig. 4C, n = 15 ). The frequency of the oscillation 350 was dependent upon membrane voltage. When membrane voltages rose above -45 mV clear 351 oscillations were present. These oscillations increased in frequency with increasing 352 depolarization, reaching a maximum of around 6 Hz at a median membrane potential of -30 mV.
353
The increase in frequency implies an increase in the current responsible for the oscillation,
354
suggesting that a non-inactivating, depolarization-activated inward current that is insensitive to Autonomous activity of striatal LTS interneurons 15 TTX generates the membrane potential oscillation.
356
To examine if the TTX-insensitive oscillation is calcium dependent, we attempted to block it 357 with the non-specific calcium channel blocker cadmium. Application of 400 μM cadmium in the 358 presence of 1 μM TTX eliminated the TTX-insensitive oscillation (Fig. 5, n = 9 ). In addition, 400 359 μM cadmium significantly hyperpolarized the median membrane potential to -49.0 ± 5.2 mV 360 suggesting a resting calcium current is maintained in LTS interneurons (1 μM TTX: -39.1 ± 9.4 361 mV, n = 9, p < 0.05 Wilcoxon signed-rank test). Although TTX-insensitive membrane potential 362 oscillations were routinely observed at this level of depolarization in the absence of cadmium 363 (see Fig. 4 ), we controlled for the hyperpolarizing effect of cadmium by adjusting the membrane 364 potential to pre-cadmium levels or higher using constant depolarizing current. The TTX-365 insensitive membrane potential oscillations were abolished by cadmium at all membrane 366 potentials tested (Fig. 5, bottom trace) . These results suggest that these voltage dependent 367 oscillations are dependent upon cadmium-sensitive calcium channels, but not low-threshold,
368
inactivating calcium channels, which should be inactivated at these voltage levels.
369
These results suggest that the single-spiking firing pattern is generated by two different 370 oscillatory mechanisms acting simultaneously: one generated by persistent Na + current, and 371 one based on a persistent Ca 2+ current. Because these two oscillatory mechanisms had 372 different frequencies but are both voltage-dependent, the net membrane potential oscillation 373 reflects their interaction. This interaction may be the origin of the irregular pattern of 374 spontaneous activity, similar to that previously been suggested for cholinergic interneurons 
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Hyperpolarization-induced bursting
377
The regular and irregular single spiking firing patterns did not rely on the occurrence of low 378 threshold spikes or on the inactivating calcium channels believed to be responsible for them. In varying from -20 to 60 pA (n = 12, Fig. 6B ). Small hyperpolarizing currents (-5 pA to -10 pA)
392
were capable of reducing the mean firing frequencies and stronger hyperpolarizations 393 eventually led to elimination of firing during the one-second current pulse (Fig. 6A bottom trace) .
394
Short hyperpolarizing current pulses could slow the neurons to arbitrarily low firing rates, 395 suggesting these neurons are class I as defined originally by Hodgkin (1948) . However, if 396 hyperpolarizing currents were maintained for several seconds, the membrane potential would 397 gradually depolarize and many of the neurons would resume burst firing while the current was 398 maintained. Twenty LTS interneurons firing in the single spiking mode were hyperpolarized with 399 constant current. Of these, 15 (75%) shifted to a burst firing pattern with firing consisting of 400 approximately 1-2 second bursts of action potentials alternating with a slow hyperpolarization 401 that could last approximately 2-5 seconds before giving way to another burst (Fig. 6C) . The 402 remaining five neurons maintained a hyperpolarized membrane potential with no activity 403 present. Two LTS interneurons that were autonomously firing in a consistent bursting pattern 404 were tested with constant depolarizing current. Constant depolarizing current eliminated burst 405 firing and gave rise to irregular single spiking in both LTS interneurons tested (Fig. 6D ).
406
Therefore, striatal LTS interneurons undergo a discrete change from single spiking to bursting 407 Autonomous activity of striatal LTS interneurons 17 when subjected to tonic hyperpolarization, as in thalamic neurons (Llinás and Steriade 2006) .
408
This occurs not only by removal of inactivation from inactivating low threshold calcium channels 409 (as in the thalamus) but also because hyperpolarization moves the membrane potential out of 410 the activation range of the oscillatory mechanisms responsible for single-spiking. 
417
indicate that at least one common striatal interneuron type, the LTS interneuron, is also tonically 418 active. Like the cholinergic interneuron, the LTS interneuron has no stable membrane 419 equilibrium potential (no zero-crossing in the steady-state I-V curve) and this is ensured by a 420 substantial persistent sodium current that guarantees that the neuron will fire continuously, even 421 in the complete absence of synaptic input. When constantly hyperpolarized, the neuron's 422 response is to fire bursts, rather than to go quiet. LTS interneurons exhibit a range of 423 autonomous firing patterns, from regular single spiking to bursting, all of which can be seen in 424 the absence of any similarly patterned synaptic input, as in cholinergic interneurons.
425
The LTS interneuron and the cholinergic interneuron are primarily modulatory in function in 426 the striatum. The LTS interneuron is GABAergic, but its direct inhibitory affect on neighboring 427 projection neurons may be weak (Gittis et al. 2010 , but see also Koós and Tepper 1999) . In can trigger both bursts of firing and pauses in the intrinsic firing pattern, thereby producing 435 increases, as well as decreases, in tonic levels of these modulators.
436
The mechanism of complex autonomous firing patterns 
450
In contrast, some basal ganglia neurons, including striatal cholinergic interneurons, produce 451 more complex patterns of activity (Bennett and Wilson 1999; Bennett et al. 2000; Wilson 2005) .
452
In these neurons, patterns of activity include regular single spiking, but also very irregular 453 patterns including bursts and pauses. Although these variations from the regular spiking pattern 454 may be triggered by specific patterns of synaptic input, they continue to be seen when synaptic 455 input is blocked. In cholinergic interneurons, the variety of patterns of autonomous activity arise 456 from the interaction between three different cellular mechanisms of oscillation, a regular single 457 spiking oscillation that depends on persistent sodium current, a slower subthreshold oscillation 458 that depends on hyperpolarization-activated potassium conductance causing irregular firing, and 459 Autonomous activity of striatal LTS interneurons 19 a slow bursting mechanism that depends on non-inactivating calcium conductance. All of these 460 are active in the same neurons, and interact through the membrane potential and intracellular 
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The LTS interneurons studied here also exhibited a variety of autonomous firing patterns,
466
including rhythmic and irregular single spiking, and spontaneous bursts and pauses. They 
470
as in other neurons. Blockade of sodium currents with TTX revealed a second oscillatory 471 mechanism in the same neurons, operating over the same voltage range, but with a different 472 natural frequency. Unlike cholinergic interneurons, this second oscillatory mechanism in LTS 473 interneurons was not generated by hyperpolarization-activated currents, but rather by TTX-474 insensitive non-inactivating calcium currents. The calcium current responsible for this oscillation 475 was activated in the voltage range normally visited by the membrane potential during the 476 interspike interval. This mechanism would normally expect to exert a perturbing influence on 477 the faster sodium-based oscillation that dominates in single spiking, and may be responsible for 478 the irregularity of firing seen in LTS interneurons. A third oscillation was seen when applied 479 current hyperpolarized the membrane potential. This oscillatory process was not activated 480 during single spiking in most neurons, as indicated by the fact that it could not be expressed by 481 1 second hyperpolarizing pulses, but required several seconds. This mechanism resembles 482 that observed in thalamo-cortical neurons, which exhibit similar low-threshold spikes, caused by 
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The autonomous single spiking activity in LTS interneurons maintains a background 500 synaptic release of neurotransmitters whose presence is required for the function of the 501 striatum, and allows for both increases and decreases in their release. Cholinergic interneurons 502 release mainly acetylcholine, which alone can produce several direct modulatory effects on 503 spiny projection neurons in addition to modulating synaptic plasticity (Akins et al. 1990;  504 Calabresi et al. 1998; Gabel and Nisenbaum 1999; Zhou et al. 2001; Centonze et al. 2003;  505 Shen et al. 2005) . LTS interneurons contain the largest variety of neurotransmitters (i.e. 
